Sustainable mining management is increasingly seen as an important issue in achieving a social license to operate for mining companies. This study describes the life cycle cost (LCC) analysis and environmental valuation for several coal mine tailings management scenarios. The economic feasibility of six different options was assessed using the Net Present Value (NPV) and Benefit-Cost Analysis (BCA) methods. These options were belt press (OPT 1), tailings paste (OPT 2), thickened tailings (OPT 3), and OPT 1 with technology improvement and renewable energy sources (OPT 1A-C). The results revealed that OPT 1A (belt press technology with stack cell flotation) was the first preference in terms of LCC while OPT 1C (belt press technology with stack cell flotation and 10% wind energy) generated the highest benefits value (BCA) compared to the other options. The LCC and BCA components and the volume of GHG emissions were used to determine the best option. Normalization of these three elements resulted in the selection of Option 1C as being the most cost-effective option.
Introduction
Environmental management is a crucial tool for any activity that generates adverse impacts and mining is one such activity. Mining operations pose potential hazards to human health and the environment during exploration, production, and closure stages (Adiansyah, Haque, Rosano, & Biswas, 2017) . These impacts, presented in Table 1 , should be avoided/minimized and managed to prevent environmental disasters. Developing hazard management strategies is also necessary in order to obtain a social license to operate mines.
The first step of managing environmental impacts is to prepare a comprehensive environmental management plan. This document mainly describes potential environmental impacts and risks, environmental monitoring, measurement activities, control strategies, and environmental audits (Commonwealth of Australia, 2014) . The tools that are usually employed to study the environmental impacts of different systems include life cycle assessment, life cycle costing, net present value, and benefit-cost analysis (Ahlroth, Nilsson, Finnveden, Hjelm, & Hochschorner, 2011; Erkayao glu & Demirel, 2016; McLellan, Corder, Giurco, & Green, 2009 ). These tools can be used to determine the feasibility of the environmental management strategies for mining operations.
Tailings, categorized as mine waste, are among the materials that might contribute to environmental contamination, as presented in Table 1 . In coal mining, tailings are generated from fine coal, which represents about 10e20% of the Coal Handling and Preparation Plant (CHPP) feed (Honaker, Kohmuench, & Luttrell, 2013; Kumar, Bhattacharya, Mandre, & Venugopal, 2014) . There are two main arguments for considering coal mine tailings to be a critical issue in waste management. First, global coal reserves are estimated to be 860 billion tonnes (Thomas, 2013) . Second, coal is listed as the second-largest energy source in the world (Energy Information Administration, 2016; Perusahaan Listrik Negara, 2015; World Nuclear Association, 2013) . The International Energy Outlook 2016 report published by the U.S. Energy Information Administration predicts an increase in coal consumption between 2012 and 2040 at an average rate of 0.6% per annum ( Fig. 1) (Energy Information Administration, 2016) . This means that the global consumption of coal could increase from 153 quadrillion Btu in 2012 to 180 quadrillion Btu by 2040, which would cause a corresponding increase in the volume of tailings.
Mining projects currently apply various types of tailings disposal strategies, including conventional tailings disposal, thickened tailings, and tailings paste (Adiansyah, Rosano, Vink, & Keir, 2015) . The two most important sustainability indicators (water and energy) used for selecting the best tailings disposal method are discussed by Adiansyah, Rosano, Vink, Keir, and Stokes (2016) . This study assesses the links between these indicators in order to determine the feasible scenario associated with water and energy consumption. The implementation of sustainability criteria in all mining activities has also been endorsed by the International Council of Mining and Metals (ICMM) since the organization was established in 2001. A sustainable tailings framework was introduced by Adiansyah et al. (2015) and consists of eight steps including analyzing the water-energy nexus, environmental assessment, and economic analysis. These steps enable mining companies to determine the most effective and efficient strategy for the disposal of their tailings.
Mining development also requires a large investment for capital expenditures and operating costs. For example, a copper mine in Indonesia that produces around 240 million attributable pounds of copper annually has an initial investment of approximately US $1.8 billion Newmont Nusa Tenggara, 2016) . Other examples include the Barruecopardo project in Spain with a total capital cost of V70 million, the Hemerdon project in the United Kingdom with a total operating cost of V12.48 per tonne of ore, and the Pilbara Iron Ore project in Western Australia with a direct mine capital cost of AUS $726 million (Gordon, 2014; S anchez et al., 2015) . Therefore, cost becomes one of the critical factors when determining the feasibility of mining development projects.
Mining companies commonly conduct financial analysis at the beginning of a project, i.e. at the planning stage. Life cycle costing (LCC) and environmental valuation are two commonly used tools to assess various options necessary for mining operations including mine tailings disposal, processing technology, and power generation. These options assist decision makers in selecting the most appropriate strategy for the exploration, production, and postmining stages.
LCC and environmental assessment have not been studied as widely in the mining industry as in other fields, such as building and forestry. Epstein et al. (2011) discussed the LCC of coal mining in the Appalachia region of the United States. The life cycle considered in that study was extraction, transport, processing, and combustion. The cost analysis, called the "externalities cost", was based on a waste stream that created multiple impacts on human health and the environment. The authors proposed a number of recommendations including reducing the number of coal-fired (Adiansyah et al., 2015; Bell, Bullock, H€ albich, & Lindsay, 2001; Bian et al., 2009; Franks, Brereton, & Moran, 2010; Kossoff et al., 2014; Miranda et al., 2003; Zhengfu, Hillary, John, Frank, & Sue, 2010) . power plants, promoting clean smart grids, and ending the mountaintop removal method (MTR). The environmental and economic performance of an enhanced landfill mining (ELFM) in Belgium was assessed by Danthurebandara, Van Passel, Machiels, and Van Acker (2015) in their paper. The paper used integrated evaluation tools, LCA and LCC, and identified three factors that influenced the economic feasibility of EFLM: technology, regulations, and markets.
In the area of environmental valuation, there are some studies available in the Environmental Valuation Reference Inventory (EVRI) database. The authors of this paper found 24 out of more than 2000 studies by conducting a search in EVRI using "mining" as a keyword. Two of those studies were conducted in Australia: Colliery-New South Wales and Jarrah Forest-Western Australia. The value of environmental and social impacts was the focus of an underground coal mining project assessment in Colliery, New South Wales (Economics, 2008) . That study used willingness to pay (WTA) as a research method and the results are presented in Table 2 . The Western Australia study considered bauxite mines and used choice modeling as a survey method to estimate the nonmarket environmental value of the rehabilitation of their mines (Burton, Zahedi, & White, 2012) . A total of 252 respondents completed the questionnaire and the results show that the in-situ rehabilitation was the most preferred option. Detailed monetary values of the options are presented in Table 2 .
Past studies have not assessed mine tailings management strategies. Therefore, this paper aims to estimate the financial value of six different tailings disposal methods in coal mining. A comparison of cost analysis is presented to determine the most preferable option in terms of cost, benefit, and environmental impact. The estimation is based on two economic perspectives: life cycle costing and environmental valuation (Australian Government, 2014; Finnveden & Moberg, 2005; Harrison, 2010; H€ ojer et al., 2008) . These two perspectives assess the cost of coal tailings disposal across different time scales. Life cycle costing represents the life cycle flow and depends on the functional unit, as determined in the life cycle assessment, while environmental valuation generates the cost and benefit of each disposal method during the lifetime of the mine. To achieve the above objectives and to assess the material input and output during fine coal processing, a life cycle flow chart was created, as shown in Fig. 2 . A desk study was also conducted to determine the economic value of materials involved in the processing flow. Section 2 provides a review of the previous studies on life cycle costing and the environmental valuation of mining operations. Section 3 presents the methodologies used in the data analysis, including data sensitivity based on three different discount rates. Sections 4 and 5 discuss the results of the net present value and benefit-cost analyses for each tailings management option.
Material and methods
Section 2.1 describes the process flow for each tailings management option. Table 3 outlines the six different scenarios considered in coal tailings management.
Technology improvement and substituting 10% of the fossil fuel energy with renewable energy are two strategies introduced for Options 1A, 1B, and 1C. Section 2.2 describes the methodologies used in this study: LCC and environmental valuation.
Case study
The case selected is an open pit coal mine located in New South Wales, Australia. The mine is projected to extract around 20 million tonnes per annum (Mtpa) of run-of-mine (ROM) coal. Three primary dewatering technologies were assessed: belt press, deep cone thickener (paste), and thickener. These technologies increase the percent solids in tailings and reduce the volume of water transported to the tailings disposal facility (Adiansyah et al., 2016) .
The process flow of fine coal rejects is organized as illustrated in Fig. 2 , where four processes are involved: material input, processing, products, and final values. The four products generated during the process are saleable coal, tailings, water and land conservation, and GHG reduction.
Option 1. Dewatering the tailings using belt press technology This option requires electricity, water, and chemicals to process the fine raw coal. Overflow from the flotation tank generates saleable coal in slurry form. The underflow slurry, categorized as tailings, requires further treatment in the thickener to increase its percent solids. This process in the thickener creates two material outputs: recycled water and tailings. The recycled water is pumped into water storage tanks, and underflow tailings are fed into the belt press to achieve its final percent solid portion of 65%. This stage produces additional recycled water for belt wash purposes while tailings consisting of 65% solids are transported to the co-disposal area (coarse rejects and tailings). Chemicals also play a significant role in the segregation and dewatering process. These chemicals have three functions as collectors, frothers, and flocculants. In this case study, a coal-fired power plant supplied 100% of the energy required. The authors also introduced technological improvements in Option 1A by replacing the type of flotation technology and incorporating 10% renewable energy (solar and wind power) for Options 1B and 1C as described in Table 3 .
Option 2. Dewatering the tailings using paste thickener technology
The primary inputs required for Option 2 are similar to Option 1; the difference lies in the total amount of these materials used. The fine raw coal is segregated in the flotation tank into two products: saleable coal as flotation overflow and underflow tailings. The tailings thickener receives the underflow tailings from the flotation tank and increases the percent solids of tailings by adding Sodium Acrylate (C 3 H 3 NaO 2 ). This acts as an anionic flocculant to the tailings slurry and the process reclaims water, which is then distributed to the water storage tank. In order to attain a final percent solid level of 50%, a flocculant is added to the tailings in the paste thickener tank. Reclaimed water is generated by this process and pumped into the water storage tank. In this option, 100% of the electricity is supplied from the coal-fired power plant. Option 3. Dewatering tailings using thickener technology This option creates tailings which are 30% solids and transports these tailings by a pipeline to the disposal area (a tailings dam). The first two processes in Option 3 (segregation and thickened tailings) are similar to the other two options. These processes generate recycled water which is pumped to the water storage tank. There is no renewable energy introduced in this option.
Economic assessment and environmental valuation
The authors consider economic and environmental perspectives when assessing the feasibility of each option. Both perspectives are based on the capital cost, operational cost, and benefits value. This enables the study results to provide a sufficient financial description and overview to determine the most viable option for coal tailings disposal management.
Life cycle costing (LCC) method
LCC is an environmental system tool used to determine the most cost-effective alternative among different available scenarios/ products from a life cycle perspective (AS/NZS, 2014; Finnveden & Moberg, 2005; H€ ojer et al., 2008 ). This tool is valuable when making a range of decisions, including disposal option technologies, comparison of alternative product strategies, and long-term financial planning (Standard, 2016) . There are some important economic indicators associated with LCC: net present value (NPV), internal rate of return (IRR), and discounted rate (DR) (Brealey, Myers, Allen, & Mohanty, 2012; Harrison, 2010) .
To perform an LCC analysis for the options described in Section 3.1, the authors used a theoretical case study of a coal mine with a maximum production rate of 20 Mt per annum and a lifetime of 20 years. The functional unit had 1 tonne of fine coal concentrate slurry generated by flotation cells. The recovery percentage from flotation was assumed to be approximately 40%.
Capital cost and operational cost data was collected through literature review and a desk study, as presented in Table 4 . Procurements and facility developments such as the thickener, the paste thickener, and belt press filters are considered capital expenses. Daily expenses such as chemical and electricity costs are listed as operational expenses. The authors found that maintenance costs varied for each mine site and ranged between 0.2% and 1.45% 
Table 3
Scenario for tailing management options.
Tailing management Characteristics
Option 1 Tailing cake with belt press Option 1A
Tailing cake belt press with technology improvement Option 1B
Tailing cake belt press with technology improvement and 10% Solar RE Option 1C
Tailing cake belt press with technology improvement and 10% Wind RE Option 2
Tailing paste with paste thickener Option 3
Thickened tailings with thickener of total capital costs. Therefore, this analysis used the median value of 0.83% of total capital costs when estimating the maintenance cost.
The value in Table 4 was normalized by using an average annual inflation rate to eliminate the value variation associated with the use of multiple sources of data. All the values have been converted to the Year 2016 (Reserve Bank of Australia, 2016a).
A central feature of LCC is the application of the net present value (NPV). The steps to measure NPV as described in Callan and Thomas (2013) are as follows:
1. Calculate the future value (FV) of the costs by dividing the current value (CV) with the inflation rate (r) for the appropriate time period (t) as shown in Equation (1).
2. Select the appropriate discounted rate (DR). 3. Discount the FV for each time period (t) as shown in Equation (2).
4. Sum the discounted value over all t periods to find the present value (PV) of costs. 5. Monetize NPV in real dollars by adding capital cost (CC) to total PV as shown in Equation (3).
The authors used NPV to compare each option for the disposal of coal mine tailings and, subsequently, to determine the most costeffective strategy for the mine site.
Environmental valuation method
2.2.2.1. Valuation. A mining project evaluation is not only based on its financial profitability but also its sustainable development performance. According to Eggert (2001) , sustainability is maintaining the level of environmental (e.g. water quality, air quality), economic (e.g. community income), and social parameters at their current standards. All stages of a mining project contribute to these three parameters and so their contribution should be estimated or valued. Environmental benefit valuation utilized in this study has increasingly been considered an important tool in decision-making over the last decade (Damigos, 2006; Marre et al., 2016) .
Use value and non-use value are commonly used in valuation methods. Use values consist of direct use (actual resource utilization, i.e. commercial purpose or recreation); indirect use (benefits gained from ecosystem functions, i.e. water and nutrient regulations); and option value (willingness to pay for future use of a resource as an insurance premium) (Damigos, 2006; Damigos, Menegaki, & Kalimpakos, 2016; De Groot, Wilson, & Boumans, 2002) . Non-use values are associated with the non-physical consumption of goods or services. These include well-being, health, and comfortable feelings (Dlamini, 2012) .
Generally, there are three categories of valuation techniques available (Damigos, Menegaki, & Kaliampakos, 2016; De Groot et al., 2002) which are as follows:
(a) direct market valuation approaches, such as market-price based and cost-based valuations, and production functions use data from the actual market; (b) revealed preference approaches such as the Travel Cost Method (TCM) and the Hedonic Pricing Method (HPM) present an individual choice reflecting their behavior based on the market information; (c) stated preference approaches such as the Contingent Valuation Method (CVM) and Choice Modeling (CM) undertake a social survey to obtain individual preferences concerning the changes in environmental and social goods, and services.
Goods or services are considered to determine the type of evaluation method, but most valuation studies require significant resources (time, labour, and money) to produce reliable estimates. These constraints on the valuation research can be overcome by using the Benefit Transfer (BT) method. BT is typically used to estimate the environmental benefits of a project based on the available information from previous studies and, therefore, it does not require as much time or money as the original valuation studies. The two main approaches in BT are value transfer and function transfer techniques (Damigos, 2006) . The transfer occurs between the 'study site' (the original research site) and the 'policy site' (where the value is assigned). In this study, the market-price based approach and BT (value transfer) approach were used to estimate the value of the coal mine tailings management based on time and resource limitations. The values shown in Table 5 represent the base input data for the benefit-cost Table 5 was normalized by using an average annual inflation rate to eliminate the value variation associated with the use of multiple sources of data. All the values were converted to Year 2016 (Reserve Bank of Australia, 2016a).
Benefit-cost analysis (BCA)
. BCA aims to improve decision making by providing information about costs and benefits in present value dollar terms (Australian Government, 2016; Harrison, 2010) . There are a number of advantages of BCA implementation including assistance when identifying cost-effective options, maximizing net benefits to the community, and providing quantitative and qualitative information for decision-makers (Australian Government, 2016) .
The Australian Government (2016) introduced the following eights steps for preparing a full BCA:
(1) Specify the set of possible options. (2) Calculate or measure the cost and benefits of the project, i.e. capital cost, operational cost, and benefit value. This study uses BT and market-price based methods to value the benefits; (3) Identify the impacts of each option. (4) Predict the impact period. In this study the impact period was different for each mine tailings management option ranging between 22 and 25 years. (5) Monetize (assign a dollar value) to the impacts. This study focuses on three environmental impacts: water conservation, land use, and GHG emissions, as explained in Section 3.2.2.1. (6) Calculate the present value by considering the discount rate of benefit and cost flows, as shown in Equation (4).
where B t ¼ the benefit at t period; C t ¼ the cost at t period; DR ¼ the discount rate; t ¼ the year. If the (PVB-PVC) value for a particular option is greater than 0, the choice is considered feasible (Callan & Thomas, 2013 ).
(7) Conduct a sensitivity analysis to identify the effect of variable changes to the overall costs and benefits of a project including discount rates and time horizons.
Limitations of the study
One of the biggest challenges facing research in the mining field is the limited amount of publicly available data due to disclosure policies (Haque & Norgate, 2015) . Because of the lack of available information, assumptions are made for some parameters including the percent recovery from flotation tanks, the rehabilitation period for each scenario, and maintenance costs.
Another constraint is the requirement of significant resources, i.e. time and money, when conducting environmental valuation studies (Damigos, 2006) . Researchers in this field use methodologies which involve a substantial number of respondents. Such methods include the Contingent Valuation Method (CVM), Travel Cost Method (TCM), and Hedonic Pricing Method (HPM). For example, Burton et al. (2012) used the choice modeling method in their study and this required 252 respondents to assess the environmental valuation of a bauxite mine site in Western Australia. Studies with such a large number of interviewees require significant time, and human and financial resources. To cope with limited resources, some studies suggested using the Benefit Transfer Method (BTM), which has two types of approaches: value transfer and function transfer (Damigos, 2006; Mazzotta, Wainger, Sifleet, Petty, & Rashleigh, 2015) . The BTM is allowed to transfer available information (value) from studies completed in another location or context. This study uses the BTM combined with the market-price based approach.
This study focuses on three environmental issues: water use, land use, and greenhouse gas (GHG) emissions. The volume of the tailings produced and the run-of-mine (ROM) data are two primary parameters for estimating the level of water conservation. Estimating the total land area required for disposing of the tailings depends on these two parameters as well as the density of the tailings. Three different tailings densities used in this study were from two coal mines in Australia (GHD, 2013; New Hope Group, 2014) . A life cycle assessment was conducted using SimaPro software to estimate the GHG emissions.
Results and discussion

Estimating life cycle costing
The estimated total quantity of materials required to generate 1 tonne of fine-coal concentrate slurry is shown in Table 6 . The option which consumed the largest amount of electricity was OPT 2 which used paste thickener technology, while the belt press technology of OPT 1 (OPT 1A-C) used higher amounts of chemicals compared to the other options. The capital value (CV) of material inputs was calculated by multiplying the operating cost (OC) input (Table 4 ) with quantity of materials (Table 6 ). Incorporating an inflation rate of 3% per year (Reserve Bank of Australia, 2016b) resulted in the total future values (FV) over the lifetime of the mine as shown in Table 7 . Discounting the CV with a 7% discount rate (Australian Government, 2016 Government, , 2014 generated the highest present value (PV) for Option 2 followed by Option 3, Option 1B, Option 1C, Option 1, and Option 1A. There was a significant difference (226%) between the highest and the lowest values. The capital costs associated with the construction of the disposal area resulted in NPVs 10 times higher than the PVs, as presented in Table 7 .
The three keys factors at this stage are the type of technology applied, market price, and consumption pattern. The combination of these factors can be observed in Option 2 with the highest NPV of $28,271,186 making it the least preferred option. The authors also calculated the NPV using the discount rates of 3% and 10% (Fig. 3) . Fig. 3 shows that there is a consistency in the NPV analysis outputs, despite the changes in the discount rate. Option 1A, using belt press technology with stack cell flotation and 10% renewable energy, was found to be the most economically feasible option.
Additionally, the NPVs of Option 1 and Option 1A-C differed only by 0.1%. This means that the ultimate decision to determine the optimal option will be influenced by other factors such as the benefits value (as discussed in Section 4.2).
Environmental valuation
This section compares the benefits of implementing different mine tailings management strategies. The authors focus on three environmental benefits: water conservation, land conservation, and GHG reduction. These environmental parameters are also mentioned by Adiansyah et al. (2015 Adiansyah et al. ( , 2016 as the main indicators of the sustainability of tailings management.
Water conservation
Water reclamation took place in every stage, including the segregation process in flotation cells and the thickening process within the thickener tank. The initial raw fine coal slurry, which was fed into the flotation cell, consisted of 10% solids, whereas the final mass percent of solids for Option 1, Option 2, and Option 3 was 65%, 50%, and 30%, respectively. Total water used and reclaimed is linearly correlated with the percentage of solids in the tailings.
Option 1, which used a belt press, resulted in the highest level of water conservation. By taking a water tariff assumption of $2.97 per unit of water used (NSW Government, 2016) , this option had 220% and 476% greater cost-savings compared to Option 2 and Option 3, respectively (see supplementary data). Option 2, using the paste thickener, created 80% higher cost-savings compared to Option 3, which used the thickener method. All recycled water was fed into a closed-cycle system and was supplied back to the processing plant as processing water.
Land conservation
One of the critical components of tailings management is the land availability for the tailings disposal area. Total land use for each option during the lifetime of the mine has been discussed in Adiansyah et al. (2016) , and Option 3 was found to require the greatest disposal area. The authors in this study used Option 3 as a base case to compare the land conservation values with other options.
Calculated using the BT method, the land value is $5550 per hectare (see Table 5 ). This value was multiplied by the total disposal area to produce the cost value for every hectare of land required during the tailings disposal process. As a reference scenario, the cost value of Option 3 was used to deduct from the other values in all scenarios. Table 8 presents the results in which Option 1 and 1A generated the highest land conservation value of $3.1 million during the lifetime of mine.
The introduction of 10% renewable energy in Option 1B and 1C increased the land use requirement for a renewable energy facility. On the other hand, the total land value of these options decreased by approximately 2% (Option 1B) and 1% (Option 1C) compared to Option 1.
GHG reduction
Electricity is the main contributor to each kilogram of carbon Table 6 Amount of input into the process flow.
Materials Unit Technology Source
Belt press (OPT 1)
Belt press (upgrade) (Fawell, Adkins, & Costine, 2015; Owen, 1989; QCC, 2013) a Upgrade to stack cell flotation (OPT 1A-C). dioxide equivalent (CO 2 -e) produced by the process flow. Consumption of electricity is strongly influenced by the type of technology used, for example stack cell flotation utilized less electricity compared to the column flotation. Table 9 presents the LCA results in which Option 1A-C generated less CO 2 -e compared to the reference scenario (OPT 3). These scenarios generated 39.5%, 45.2%, and 45.2% less CO 2 -e, respectively. The authors also used Option 3 as a reference scenario when calculating the value of carbon reduction. The calculation of the reduction value used a carbon market price of $10.8 per tonne CO 2 -e (World Bank and Ecofys, 2016). The results displayed in Table 9 indicate that Options 1A-C generated positive values, while Option 1 and 2 generated negative values. The negative values reflect the higher amount of carbon equivalent produced by those options as compared to the reference scenario. Options 1A-C contributed positive values in the range of $2646 to $3028 (referring to the carbon market mechanism), and BCA discussed in Section 4.3 considers this value to be a benefit.
Benefits cost analysis (BCA)
Tailings are a by-product of fine raw coal processing, where the main product is saleable coal. These two products contribute to the financial flow of a mining company. Therefore, it is essential to identify the incremental costs and benefits for each option to determine the most cost-effective one.
This study focuses on four components considered to have benefit value: (1) coal product generated from the fine raw coal processing, (2) water reclaimed from the segregation and dewatering process, (3) land conservation for the tailings disposal area, and (4) GHG reductions from renewable energy technology and application. These elements play a significant role in improving the sustainability level of the tailings management practices. The sum of these components represents the benefit value of each scenario and is used to determine the feasibility of each tailings disposal method. The benefits and costs of each option were evaluated based on a time horizon. The lifetime of mining operation, excluding post-mine closure, is estimated to be 20 years. One of the critical factors that determines the total time horizon of the tailings management is land rehabilitation. The average time required to reclaim the disposal area, including the drying time and the reclamation process, was two years for Option 1, three years for Option 2, and five years for Option 3 (EMGA Mitchell McLennan, 2012; Jones & Watkins, 2015) .
The cost value of each option was calculated using the values from Tables 4 and 5 and shown in Table 10 . Option 1C had the lowest total cost value compared to the other options. The deep cone thickener (paste) technology with the tailings dam method applied in Option 2 provided a total cost which was 20% higher than that of Option 1C. This difference was mainly due to the low operational costs of the co-disposal operation (Table 5 ). The operational cost-saving using Option 1C was $1.2 per tonne compared to Option 2. Another option that used thickener technology with tailings dam facility generated a total cost which was 45% higher than Option 1C. This result is primarily affected by the amount of solids in the tailings slurry where the solids content in Option 1C was 35% greater than Option 3.
In contrast to the total cost, the total net benefits presented in Table 10 showed that Option 1C produced the greatest benefits ($996 million) compared to all other options. The three components contributing to these results were water conservation, land conservation, and GHG reductions, as discussed in Section 4.2.
-50,00,000 1,00,00,000 1,50,00,000 2,00,00,000 2,50,00,000 3,00,00,000 The total net benefits resulting from the quantification of costs and benefits during mine tailings operations were then discounted at a rate of 7% per year (Australian Government, 2016 Government, , 2014 . This calculation presented in Equation (4) provided an NPV for each mine tailings management option. The highest NPV was for Option 1C, which uses belt press technology with stack cell flotation instead of column flotation and 10% of fossil fuels substituted with wind energy.
The NPV results for every five years also showed that Option 1C was the most preferred scenario for this mine site (Fig. 4) . The average percent difference in the NPV for all options in Year 5, 10, 15, and 20 was 29%. It means that the discount rate of 7% contributed to NPV reduction by more than a quarter of its original value in every five years. Table 10 and Fig. 4 indicate that all options have higher Present Benefit Values (PBV) than the Present Cost Values (PCV). In other words, all options are considered feasible for this mining site (PBV-PCV > 0).
Sensitivity analysis
A sensitivity analysis is undertaken in a BCA to assess the data uncertainty that would affect the overall costs and benefits of the mine tailings scenario. In this study, the sensitivities to the lifespan and the discount rate were analyzed.
The discount rate in the BCA was analyzed by changing the rate from 7% to 3% and 10%. The NPV results for the three discount rates and four lifespans are shown in Fig. 5 . The results revealed that NPV increases as the discount rate decreases, as predicted. Changes in the discount rate contributed significantly to the total NPV, total operational cost, and total benefit value. A significant increase in NPV, by 47%, occurred when the discount rate was decreased from 7% to 3%. The increase in NPV was greater than 80% when the discount rate was reduced by 7% (from 10% to 3%).
Overall, BCA was significantly affected by the changes in the discount rate, as the discount rate contributed to the future operational cost and benefits value. Therefore, BCA is considered to be sensitive to the discount rate and any differences in the rate should be considered when comparing the results with the other BCA studies.
Selection the feasible scenario
The most feasible scenario out of the six available options for tailings management was determined using a normalization approach where LCC, BCA, and GHG emissions were the main parameters. These parameters have different units (i.e. AU$, kilogram CO 2 -e) and scales, therefore the value of these parameters was divided by their ideal values to provide the normalized results (Azapagic, 1999; Huppes & Ishikawa, 2005; Islam, Jollands, Setunge, Ahmed, & Haque, 2014; Mangan & Oral, 2016) . The results are presented in Fig. 6 and the most feasible option was indicated as the one with a normalized value close to unity.
The best scenario (Option 1C) is belt press operation with stack cell flotation and 10% fossil fuel substituted with wind power (detailed points as follows: GHG ¼ 1, LCC 3%e10% z 1.001 and, BCA 3%e10% ¼ 1). Option 1B and Option 1A also have values close to the most preferred scenario (Fig. 6) . Option 1B has similar characteristics to Option 1C except for the type of renewable energy introduced to the system: solar power (PV) versus wind power. The utilization of PV generates a land conservation value which is 1.3% lower than for wind power. The third feasible option (Option 1A) is 0 50,00,000 1,00,00,000 1,50,00,000 2,00,00,000 2,50,00,000 3,00,00,000 a scenario that uses the belt press as the main dewatering process to increase the mass percent of the solids in tailings up to 65% and uses stack cell flotation in the segregation process. In Option 1A, the electricity was supplied by a coal-fired power plant that amplified the GHG emissions to 10% higher than Option 1C. The utilization of fossil fuel energy as the electricity source decreases the LCC value by 0.1% and benefits value by 0.3% when compared to the most feasible scenario (Option 1C).
Conclusions
This paper discusses the economic value of coal mine tailings management activities. The economic value analysis is required to assist the stakeholders including mining companies and the government in determining the most feasible option from various available scenarios in terms of financial considerations and environmental sustainability.
The study compares six options that use three different dewatering technologies: belt press, paste thickener, and tailings thickener. These technologies affect the water conservation volume, chemical use, and electricity consumption. Changes in the use of raw fine coal segregation technology (column flotation to stack cell flotation) in Options 1A-C resulted in decreased electricity consumption when compared to other scenarios. The introduction of the renewable energy in Options 1BeC also increases the carbon reduction level in these two scenarios. In summary, Option 1C was found to be the most preferable scenario generating benefit values of 0.01%e54% higher and LCC values of À0.1% to 221% lower, compared to the other scenarios. By having higher benefit values and LCC values, option 1C could contribute more to the sustainability level improvement of coal tailings management in four aspects: coal production, water reclamation, land conservation, and GHG reduction. Therefore, this study also indicates the importance of considering the economic analysis aspects as part of sustainable consideration prior to selecting a tailings disposal method.
